This report describes a method for utilizing externally induced impacts as a means of studying the propagation of pressure waves in intact human arteries. Because it is a new method its description is prefaced by a brief presentation of several factors relevant to wave propagation in living vessels; the description is followed by a critical evaluation.
T HE observation that small pressure disturbances could be induced in the brachial artery and readily detected on radial arterial pressure records prompted the study of induced waves of two general types, impact transients' and forced sinusoidal waves.
2 This report describes the method we have used to study "impact" waves and indicates the general nature of our findings.
The interpretation of pulse wave transmission has been based upon the concepts of wave propagation in an ideal elastic thin walled tube. These principles were first developed and applied to the arterial pulse by Thomas Young 3 and have been further formulated by many others. While the qualitative nature of such an interpretation seems to be acceptable, the quantitative aspects of pulse wave propagation remain open to question. Some of the limitations to quantitative interpretation of conventional pulse wave velocity are imposed by the methods of measurement, while additional difficulty arises from the fact that a living artery resembles a thin walled ideal elastic cylindrical tube only as a first approximation.
Previous methods for the study of arterial wave propagation in living human subjects have utilized the wave produced by cardiac systole. Direct, i.e., intra-arterial pressure records, have been obtained in only a few instances. In all cases the pulse wave transmission time is calculated from the delay in the inscription of "corresponding" points on the pulse contour. The fact that the pulse form becomes modified in its transmission may make it difficult to establish "corresponding" points. The change in pulse form certainly indicates some nonuniformity in the propagation of wave components. Under these circumstances, corresponding geometric configurations (inflections, equal ordinates, equal or maximal slopes), may not indicate correspondence in phase of any component.
In principle, the waves used to determine the elastic behavior of the vessel wall should be of relatively small amplitude, so that they do not appreciably alter the conditions under observation. This is additionally important if the elastic properties might vary with the degree of arterial distension. The marked pressure dependence of wave velocity observed in isolated arteries by Bramwell, Downing and Hill, 4 and the anomalous thermoelastic properties observed by Roy 6 attest to the striking deviations of these tissues from ideal elastic behavior and demonstrate that distensibility* and elastic modulusf both vary with the applied stress. Remington, Hamilton and Dow 6 have sought to retain the relative simplification of Hookian behavior by considering the artery substantially as 3 systems of differing orders of elasticity. Alternatively it may be recognized that the dominant rheologic behavior of the arterial wall is non-Hookian. The long * Distensibility (of a cylindrical tube) may be denned as the relative increment in volume condV tained per unit increase in pressure, or --. Vdp t Elastic modulus (of wall material) may be defined as the ratio of the increase in component of force per unit cross sectional area of wall to the relative increase in the corresponding component of length per unit length, or dF/a dL/L, stress strain range reversible extensibilities, the anomalous thennoelastic behavior and the relatively low stretch moduli of these tissues are better explained by considering that a considerable part of the restoring force in stretched fibrous proteins may be associated with varying entropy of the material rather than with changing internal energy. 7 ' 8 Under these circumstances elastic deformation may be thought of as due to a large extent to uncoiling of molecular chains, stretching of secondary valence forces 9 or the like. Linear stress-strain curves are not necessary to, or likely with this behavior. In fact, a description of the change in elastic properties with change in stress may help to characterize the behavior of material and to indicate its intimate structure. 8 The distensibility of a fabricated tube such as a blood vessel, depends not only upon the elasticity of the material of which the tube is built, but also upon the architecture of fabrication. For this reason, multicomponent systems, or systems of highly complex molecular arrangement can be analyzed only phenomenologically. The total functional contribution of the several arterial "coats" and the surrounding structures are all included in the analysis of this arterial performance.
METHODS
Impact waves can be set up i' 1 a n artery or vein by brisk tapping of tlie overlying skin. Repetitive transients of reproducible form were created with the mechanical impactor diagrammed in figure 1.
Although no dimensions are critical, the impactor used in these studies has the following characteristics:
A coil (A) composed of approximately 200 turns of no. 24 copper wire with a total resistance of 4 ohms serves as a solenoid. Theeore(jS) isafjfe inch carriage bolt, the threads of which have been turned down to slightly over 34 inch diameter. When magnetized, this core drives the impacting probe (C), which is a 2'4 inch length of J4 inch brass rod weighing 20 G. An outer Iucite sleeve and foot plate (D) are used to depress and fix the overlying tissues and the artery, enabling a more effective impact. The apparatus may be held by hand or conveniently mounted and positioned on a camera tripod. Proper positioning is essential. Advancement and withdrawal along the thrust axis was made easier by a screw driven sliding mount for which we are indebted to Dr. Robert L. Bowman.* Independent angular positioning of the * Technical Developments Section, National Heart Institute.
thrust axis was at the tripod mounting screw near the center of the impactor rather than at the tip of the probe which would have been more desirable. Using well charged S to 14 V. storage batteries, a sharp impact is delivered to the skin over the artery when the coil circuit is completed. Contact points (k) on the lower end of the core and the upper end of the probe arc used to complete a. signal circuit through a recording galvanometer, identifying the moment of impact on the record. Shadowgraphs recorded at 100 cm./sec. showed that onset of probe motion coincided with the recorded contact signal within 0.25 scale mm. or 0.25 msec. The probe was initially displaced 5.2 mm. at a nearly constant velocity of 87 cm./sec. and then was halted in 2.0 msec, after a further displacement of 1.24 mm. Tlie calculated force applied to the skin was approximately 10° dynes. The single sharp inward record of motion was followed by a more gradual recoil. When the coil was demagnetized the core was withdrawn by spring action, the probe remaining against the skin by virtue of its own weight. Using a variable speed rotating contactor, impacts could be repeated rapidly. Rates above IO/sec. were usually too fast because the pressure disturbances produced did not remain discreet.
Continuous records of intra-arterial blood pressure were obtained by direct puncture of the radial artery at the wrist, and/or of the brachial artery just above the antecubital space. The 1J£ inch long 20 gage needles (i.d. = .024 inch) were coupled by a 3-way stopcock and an IS inch lead (Pb) tubing to a Sanborn (capacitance) electromanometer model 121 and recorded by an optical galvanometer on 6 inch width photokymographic paper at a speed of 25 to 100 cm./sec. This system exhibited a natural frequency of 35 to SO c.p.s. and a damping coefficient of approximately 0.3. Amplitude distortion was evident in some records but phase distortion was relatively small, uninfluenced by pressure and effectively canceled by the use of an instrumental correction time. In later experiments and for simulta- neous recording from two sites, a pair of Lilly Teehnitrol (capacitance) manometers model 115-1 were used, each connected through a 3-way stopcock to 19 gage thin wall VA inch needles (i.d. = .035 inch). These records were, photographed from the face of a dual beam cathode ray oscilloscope on moving 35 mm. film, and projected for reading at scales of 1 to 2 mm./mm. Hg and 33 to 100 cm./sec. Each system had a natural frequency of over 200 c.p.s., the dual systems were matched to within 10 per cent in amplitude and less than 1 msec, phase to over 200 e.p.s.. Independent time scales and baseline were registered simultaneously, careful attention was paid to possible errors of parallax.
To keep the recording system patent (and to enable frequent calibration and sensitivity checks, the ingenious procedure of Petersen" was modified ( fig. 2 ), using a pressurized inverted latex baloon instead of a pressurized syringe as a source of purging heparinized saline. This has been further improved by using a plastic bag to contain the saline, which is placed alongside a rubber sphygmomanometer bag in a closely fitting box. Manostats were provided to enable frequent sensitivity and calibration checks during recording. Calibrating pressures were substituted for arterial pressures by a quarter turn of a 3-way stopcock. During its return, when the stopcock core is momentarily positioned to block both calibration source and arterial needle from the transducer, the pressure on the transducer rises clue to the minute inflow of purging saline. When transducer and artery are reconnected by abruptly completing the turn of the stopcock, the resultant stepwise fall in pressure sets up conditions for free oscillation in the recording system. The response of the registering equipment including the needle assembly, was tested under operating conditions in this manner.
In most studies the impactor was applied to the brachial artery at approximately the midhumerus where the artery is easily palpable and lies fairly close to the bone ( fig. 2 ).
RESULTS
Records of intra-arterial pressure such as those of figure 3 show the transient pressure disturbances caused by the impactor. A trace indicating the moment of impact is above the blood pressure record. It is difficult to measure the time delay of the pulse onset because of the gradual onset of the rise from diastolic pressure. In contrast the transmission time of the impact pulses are more readily determined and the difference between the onset of the impact wave at the two positions can be measured for impacts which occur at various pressures. It will be noted that the time delay is less at high pressures than it is at low pressures. The impactor over the brachial artery is ap proximately 15 cm. proximal to the brachial needle, and 40 cm. proximal to the radial needle. In most experiments measurements were made between the site of impact production and a single radial intra-arterial needle. In these, a correction of the order of a few milliseconds was calculated by averaging 20 to 30 measurements of records which were made with the impactor placed over the radial artery adjacent to the open end of the needle. No systematic variation was noted in the "zero correction time" at different pressures.
At a repetition rate of from 6 to 10 impacts/ sec, several hundred impacts were superimposed on different momentary arterial pressures. Fewest impacts were obtained at pressures just below systolic. The manner of obtaining pressures lower than diastolic is described below. Time was measured to the nearest millisecond and pressure to the nearest millimeter Hg. The results of 1 experiment with relatively few impacts are shown in figure 4 as a plot of the transmission times of impact wave onset against the corresponding intra-arterial pressures. The data were grouped into class intervals, usually of TO mm. Hg, and averaged. Table 1 presents coordinate values for corrected mean transmission times and mean pressures in another subject. Corrected transmission time divided by transmission distance, yields the reciprocal of wave velocity ( fig. 5 ). An example of a velocity-pressure plot is shown ( fig. 6 ). In a large number of subjects, the velocity of impact waves in the brachioradial artery was about 10 M./sec. or less at * Mean and standard deviation of distribution corrected for instrumental delay. (This "zero correction" time averaged 5.7 msec, to onset, and 14.4 msec, to peak, for IS impacts generated immediately proximal to the radial needle. The range of 100 per cent rise time was 8 to 9 msec, and showed no detectable variation with pressure over a limited range.) for the intact brachial artery using the cardiac pulse wave, and by Bramwell et al. 4 for the isolated carotid artery. They do not conform to data obtained from rubber tubing 13 or to some of the relationships which have been predicted from theory. 7 With our technic, pressurevelocity curves from rubber tubing and from isolated femoral arteries differ from the curves described above.
DISCUSSION
Wave Propagation in the Artery. To determine whether the intra-arterial pressure transient recorded at a distance from the impact site is predominantly or entirely a record of a disturbance propagated by the arterial structures rather than through extravascular material, these observations were made: 1. Impacts delivered to the arm were not well registered as pressure waves unless the impactor was very carefully positioned over the artery, indicating that no significant portion of the disturbance was produced by transmission of impacts through tissues other than the artery. 2. Digital occlusion of the artery between the impactor and the recorder obliterated the transmission of impacts to the recording needle. 3. Impact waves were not obtained unless the needle was in the arterial lumen. 4. The fact that the impact wave velocity varies with the intra-arterial pressure is additional evidence that this wave is determined by arterial phenomena and not to any significant extent by extra-arterial transmission. 5. The modification of transmission time by an externally applied cuff is further supporting evidence of this (see below).
Wave Form. After propagation for a distance, the waves show variation at different pressures, with a steeper rise at higher initial pressures. The peak of the transient is usually easier to identify than the onset, but "peak" velocity tends to be slightly less than that of the "onset," especially at low pressures. We have therefore dealt primarily with the velocity of the onset of the disturbance.
It is evident that the steepness of pressure rise is not entirely determined by our impactor, but may be limited by the characteristics of the artery and the overlying tissues at the site of impact. In the radial artery at diastolic pressure the initial rate of rise of the impact wave averaged 2.5 mm. Hg/msec. (<x d = ±1.3) in 18 subjects. The variation in this wave front due to change in pressure may be judged from table 1 to be about ±15 per cent. To this extent, the impactor created waves of substantially the same characteristics at all pressures or in different subjects.
Reproducibility. Several factors contributing to the variability of results were investigated:
Impacts at the same, or nearly the same pressures, usually showed little variation in their transmission time {fig. J,). Where more than 70 measurements, within a 10 mm. Hg pressure interval, were obtained in a single sequence run, their distribution approximated a normal curve with a standard deviation of about 1 msec. Part of this spread may be due to the variation of time with pressure within the interval, or to the errors of estimating pressure, as well as to the errors of estimating time. The residual variability is astonishingly small for a biological phenomenon. Some experiments show greater variability, and among these are instances where impacts are difficult to obtain or good placement cannot be maintained.
Removing, adjusting and replacing the impaclor did not substantially alter the results obtained. If the included length of artery were altered the change in transmission velocity was generally proportional to the change in distance. In experiment no. 51, of table 1 over 600 impact transmission times, in 5 series, were measured in a 53-year-old male with minimal medial sclerosis of the brachial arteries. Initial placement was followed by a firmer apposition, removal, reapplication, and finally slight withdrawal, along the thrust axis. Columns 4 and 6 of table 1 indicate the relatively small variability which existed.
In figure (> (from a 91-year-old man with marked calcific sclerosis and tortuosity of central and peripheral arteries) the lower full line represents the relation obtained from 101 recorded impacts. The impactor was then removed, subsequently repositioned, and 103 additional impacts recorded, with the results shown in the upper full line. Partial closure of the stopcock connecting needle with the transducer tubing, in order to damp the radial record for an additional .1.1.9 impacts gave no different results.
Experiments repeated on the same subject under the same conditions, but on different days, usually yielded similar results. In figure 6 the dashed line represents an experiment done a month previously. Under similar experimental conditions, the variability between runs was greater than for consecutive observations on the same day.
Additional evidences of validity and reproducibility were provided by the following studies: In most experiments the velocity was measured between the impactor site and a radial intraarterial needle. The validity of this "single needle" technic was established by comparing the calculated velocity for the entire segment with simultaneously obtained records of the velocity measured between a second or brachial intra-arterial needle and the radial needle. In 5 experiments, the distance from impactor to radial needle averaged 39 cm. (range 35 to 42) while the distance included between the two needles average 25 cm. (range 23 to 27). The velocities calculated for the shorter distance were compared to the velocities at corresponding pressure for the total distance. The velocities of wave transmission measured between the needles in 3 experiments were slightly faster (av. = 1.5,2.0 and 3.0 M./sec), in 1 experiment slightly slower (0.7 M./sec.) and in 1 experiment there was no consistent difference. While a slightly faster velocity in the narrower distal arterial segment would not be unexpected, the average of 403 pairs of measurements shows that the calculated transmission time per unit distance was only 1.1 ± 0.1 msec./M. less for the shorter segment. Velocities obtained by a single needle technic, therefore, provide the same information as that obtained by using two sites of pressure recording.
In 3 of the foregoing experiments the effect on wave velocity of placing a needle in the artery was evaluated. A series of impacts were recorded with the radial needle in place, before as well as after the brachial needle was inserted. The transmission time from impactor to radial needle was not altered by the insertion of the needle in the brachial artery ( fig. 5) .
Because impacts were induced upon a varying, rather than a constant initial wall tension, the transmission time of impacts which were imposed on the steeply rising portion of the blood pressure curve were compared with the transmission time of impacts superimposed, at the same pressure, upon the rapidly falling part of the blood pressure curve. On the falling ambient, the impact induced pressure rises slightly slower, and the detection of onset of rise is more certain than on the rising ambient. No consistent difference was noted (table 2) .
In order to study pressures below diastolic, two technics have been used. Occlusion of the axillary or subclavian artery for 3 to 15 sec. provided a simple means of attaining pressures below diastolic. The lowest pressures thus obtained were of the order of 25 mm. Hg. Records taken before the artery was occluded proximallyfoi'2 min. by digital pressure, and immedi- ately upon release of occlusion showed no difference in impact wave velocities.
The second method was that used by Bramwell et al. u> 14 We tested the effectiveness of varying transluminal arterial pressure by inflating a double walled rubber sleeve which extended for 80 to 90 per cent of the measurement distance. When this sleeve was inflated to pressures which were well below diastolic pressure, the transmission times under the sleeve were increased for cardiac pulses as well as impact waves. The pressure velocity curve obtained could be virtually superimposed upon that obtained without sleeve inflation, by subtracting inflating pressure from the recorded pressure ( fig. 7 ). This would support the observations of Hemingway and McSwiney for cuff pressures well below diastolic pressure. But as inflation pressure was increased further, two changes were noted: 1. Impact transmission became poorer so that sharp radial impact waves were usually not obtained when the pressure differential across the artery was less than 20 mm. Hg. 2. The radial minimal or local "diastolic" pressure increased. Therefore the delay in the cardiac pulse transmission superficially appeared to become much greater, because as the systolic pressure wave reached the sleeve a rise in radial pressure did not occur until the local radial pressure was exceeded by the wave front. This produced an additional delay in the onset of the radial pulse (table 3) which is not to be interpreted as the delay time due to wave propagation through an open tube. At these low effective transmural pressures, therefore, the inflated sleeve method may introduce error in conventional measurements.
The inflated sleeve technic also provided a distribution of impact waves over a wider pressure range. Additional comparisons could be made of the velocity of waves superimposed on constant and changing baselines at the same relative pressure, and in support of other observations no consistent differences were observed. SUMMARY A method is described whereby transient sharp pressure waves may be induced in the intact brachial artery of man. The imposed wall stretch is relatively small and rapid. These waves travel along the artery, and their propagation characteristics may be studied by suitable intra-arterial pressure records. Since these waves are superimposed on the ambient arterial pressure, a determination of the relation of wave velocity to momentary arterial pressure is facilitated. A marked dependence of impact wave velocity upon pressure is consistently encountered. The method offers the primary advantages that sharper inflections permit measurements to be made with greater accuracy and over shorter distances than is possible for the cardiac pulse. The effect of variation in operative blood pressure may be determined without recourse to procedures which (aside from the pressure itself) may alter the vessel wall as well. The method is critically evaluated.
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SUMMAIUO IN I N T E R L I N G U A
Es describite un methodo que permitte le induction de transiente acute undas de pression in le intacte arteria brachial del homine. Le tension parietal assi imponite es relative basse e rapide. Le undas percurre le arteria, e lor characteristicas propagational pote esser studiate per medio del pertinente registrationes de pression intra-arterial. Proque iste undas es superimponite al ambiente pression arterial, le determination del relation inter velocitate del unda e momentanee pression arterial es simplih'cate. Un marcate dependentia del velocitate del undas de impacto super le pression es regularmente a notar. Le methodo ha le major avantage que in illo le plus acute inflexiones permitte mesurationes de plus alte grados de exactitude e pro plus curte distantias que in le caso del pulso cardiac. Le effecto de variationes del pression sanguinee pote esser determinate sin recurso a procedimentos que risca alterar non solmente le pression mesme sed etiam le pariete del vaso in question. Es presentate un evalutation critic del methodo.
